In this article we propose a new strategy to address the Little Hierarchy problem. We show that the addition of a fourth generation with vector-like quarks to the minimal supersymmetric standard model (MSSM) can raise the predicted value of the physical Higgs mass by mixing with the top sector. The mixing requires a larger top quark Yukawa coupling (by up to ∼ 6%) to produce the same top mass. Since loop corrections to m h go as y 4
I. INTRODUCTION
Dynamically broken supersymmetry offers an elegant way of cutting off leading divergences of quantum corrections to the Higgs mass parameter in the standard model. Unless parameters in the model are finely tuned, one expects that the mass of supersymmetric particles are of the same order as the Z and W masses. In particular, quantum corrections to the Higgs mass parameter are dominated by the contributions from the top quark, because of the large Yukawa coupling. To preserve naturalness, this leads to the expectation that the top squark should be relatively light.
However, results from the Large Hadron Collider (LHC) indicate that the Higgs mass is ∼ 125 GeV [1, 2] . In the MSSM, a mass so much higher than the tree-level upper bound of m Z can be accommodated only with extremely heavy top squarks, or moderately heavy top squarks and large top squark mixing. The quadratic divergence contributed by such a heavy top squark then needs to be cancelled at the level of ∼ 10 −4 , leading to a significantly finetuned theory. This tuning is significantly worse than the tuning implied by direct constraints on superpartners at the LHC. In fact, in the case of only moderate mixing, the top squark mass implied by this Higgs mass is higher than the direct collider limit ∼ 3 TeV that can ever be set by the LHC.
Unlike many other experimental constraints on the MSSM, this "Little Hierarchy" problem [3, 4] is directly associated with the low energy spectrum of the theory. Consequently, it cannot be solved through ultraviolet mechanisms that are often invoked to address indirect constraints (such as flavor or CP violation, see [5] for an overview) or alteration of the collider signatures of supersymmetry to avoid direct constraints on the theory [6] [7] [8] [9] [10] [11] .
Several attempts have been made to modify the MSSM spectrum through the addition of matter fields to raise the Higgs mass . These mechanisms were originally proposed to accommodate the Higgs mass bound 114 GeV imposed by LEP, and though more recent work has demonstrated the ability for such a mechanism to yield a Higgs mass ∼ 125 GeV (e.g., [46] ), in general the higher mass needs significantly larger couplings than considered in the earlier models, leading to the rapid appearance of Landau poles marginally above the weak scale. While such a possibility cannot be logically excluded, it destroys the success of perturbative grand unification in supersymmetric models, an aesthetic success of the MSSM.
In this paper, we propose a new strategy to address the Little Hierarchy problem. The largest loop contribution to the effective potential of the Higgs comes from the top supermultiplet and the magnitude of this contribution is governed by the top Yukawa. The Yukawa coupling used in current estimates of the top quark contribution to the Higgs mass is directly extracted from measurements of the top mass. However, the naive relation between the physical mass of the top quark and the Yukawa coupling, extracted from the tree level Lagrangian, is modified when the top supermultiplet is mixed with other heavier states.
When diagonalizing the mass matrix, the new mixing terms will contribute negatively to the naive estimate y t v sin β, thus requiring a larger Yukawa coupling to obtain the measured value of the top, m t ∼ 173 GeV. Since the Higgs effective potential depends upon the fourth power of this coupling, even a moderate increase can lead to a significant enhancement of the Higgs mass.
We demonstrate this mechanism through a simple extension of the models [37, 38, 46] where a vector-like fourth generation with Yukawa couplings to the Higgs was introduced.
In these models, the additional contributions from the vector-like generation was sufficient to push the Higgs mass above the LEP bound of ∼ 114 GeV. This goal could be accommodated with perturbative gauge coupling unification with relative ease using only the Yukawa couplings of the fourth generation with itself. Consequently, mixing between the fourth generation and the standard model was not explored. But the mixing between the top quark and the fourth generation is experimentally fairly unconstrained. Indeed, recently there has been more interest shown in exploring this possibility, with [58] in particular seeking to constrain the possible dominant mixing angle for any (single) vector-like heavy multiplet.
However, it has not been noted that such a mixing can contribute significantly to the mechanism for raising m h so far above m Z . When this mixing is O (1), we show that the Yukawa couplings necessary to obtain the physical top quark mass are large enough to substantially increase the Higgs mass.
This paper is structured as follows. We describe the model in section II. In section III, we discuss the effects of large mixing on the top Yukawa. We compute the weak-scale mixing Yukawa couplings necessary to achieve a Higgs mass of ∼ 125 GeV and the induced top Yukawa Landau pole. In section IV we study the experimental constraints and briefly discuss the LHC phenomenology. Finally, we conclude in section V. 
II. THE MODEL
In this model, we extend the MSSM by adding a full vector-like fourth generation (i.e., a chiral fourth generation plus its mirror) with Yukawa couplings to the Higgs. Furthermore, the couplings mixing the fourth generation and the top sector are allowed to take on values close to unity; they have a quasi-fixed point which limits their TeV values to be not much larger than 1 [38] . However, we ignore mixing with the first and second generations since these are constrained by experiment to be small. We consider the simplest model which preserves gauge coupling unification. Therefore, the new vector-like generation contains quark and lepton supermultiplets Q 4 , U t ′ 1,2,3,4 , andb ′ 1,2 . The terms in the superpotential that affect the Higgs mass are:
where i and j are generation indices than run from 3 to 4, and µ is the usual coefficient of the Higgs bilinear term. Terms such as µ 34 Q 3Q c 4 are rotated away without loss of generality. Yukawa couplings of the formȳ 44 H dQ c 4Ū 4 and Yukawa couplings between the Higgs and the leptons are ignored since their effect in raising the Higgs mass is subdominant in the large tan β limit. In the soft Lagrangian, we assume the same squared mass ∆m 2 for all the squarks, Bµ terms corresponding to each vector-like mass (ignoring mixed Bµ terms with the third generation), and A-terms of the form y ij A associated with each Yukawa coupling.
Throughout the paper, we set tan β = 30. We refer to the appendices for details about the particle spectrum and the interaction Lagrangian.
III. THE EFFECTS FROM MIXING
A. Mixing and the Top Yukawa Coupling
As stated in the introduction, the qualitative difference between this note and earlier work [37, 38, 46] Yukawas are significant, whereas cases 2 and 3 focus on mixing from only one term. Case 4 corresponds to earlier work [37, 38, 46] where the mixing terms y 34 and y 43 were ignored, and serves as a useful comparison. As will be shown in section III B, the parameter space where this model makes sizeable contributions to the Higgs mass is a region where the fourth generation is accessible at the LHC.
When mixing terms are present, and if y 44 = 0, the top Yukawa coupling y 33 necessary to obtain the measured top mass m t = 172.9 GeV is given by:
This formula is exact when y 44 = 0 and is obtained after bi-diagonalizing the up-type fermion mass matrix m u f (shown explicitly in appendix A), identifying its smallest singular value with the top mass, and solving for y 33 . If y 44 = 0, the above formula still holds to a very good approximation since the coupling y 44 first makes an appearance at fourth order in the expansion parameter (v/µ Q,U ), and therefore has a negligible effect in raising the value of y 33 .
For simplicity, we take µ Q = µ U ≡ µ 4 . In this case, we can define ∆ = v/µ 4 to quantify the hierarchy between the new vector-like mass scale and the electroweak scale, such that ∆ = 0 in the limit µ 4 → ∞. At large tan β, and taking m t /v = 1, equation 2 can be approximated as
Evidently, ∆ > 0 leads to an increase in the top Yukawa. As a result, the soft masses ∆m needed to get a 125 GeV Higgs decrease. Taking the value of the mass of the new quarks to be near their experimental limit of 700 − 800 GeV (see section IV C) leads to the constraint ∆ 1/4. Then, in the case where the mixing Yukawas are near unity, the effects of mixing between the top sector and the fourth generation can lead to an increase of y 33 by about 6%.
This can significantly increase the Higgs mass squared since the radiative corrections go as y 4 33 . Mixing effects on the Higgs mass are studied in detail in section III B. Lastly, we note that an increase in the top Yukawa also leads to an increase in the Higgs quartic; however, this increase is subdominant compared to the Higgs mass.
B. Weak-Scale Yukawa Couplings
In this section we compute the weak-scale Yukawa couplings necessary to obtain the required Higgs mass using the one-loop effective potential in the decoupling limit (where 
where Q is the renormalization scale and m a (m a ) are the quark (squark) masses. The summation runs over the masses of the heavy up-type quarks (a = t, t 
For numerical efficiency, the algorithm used to solve for the necessary parameters obtains a Higgs mass in the range 125.5 ± 0.5 GeV. For this set of computations we take the soft terms to be of the form ∆m = A, as might be expected in gravity mediation (or high scale gauge mediation [37] ), and choose µ 4 = 900 GeV. The Yukawa values at the weak scale as functions of the soft masses are plotted in Figure 1 , along with their constraints from electroweak precision measurements. As one would intuitively expect, the mixing Yukawas necessary to achieve a given Higgs mass are smaller when |y 34 | ∼ |y 43 | than when one of these couplings dominates the other. However, the lowest possible value of ∆m consistent with EWPM is ∆m ∼ 800 GeV and occurs for the case where y 34 ∼ 0.8 and y 43 = y 44 = 0.
C. Top Yukawa Landau Pole
The mixing terms y 34 and y 43 significantly affect the Higgs mass only when they are O (1). 4. The number of extra multiplets in the 5 +5 of SU(5).
From Figure 2 , we see that large mixing can push Λ above the GUT scale while retaining soft masses as low as ∼ 900 GeV. The three different mixing scenarios give comparable results because these Yukawa couplings reinforce each other in their respective renormalization group evolution. In contrast, to push Λ above ∼ 10 16 in the case with no mixing requires soft masses to be larger than 1.5 TeV.
From Figures 3 and 4 it is clear that for a given soft mass, the implied Landau pole scale can also get pushed up by including larger A-terms or a smaller vector mass. For A = ∆m ∼ 900 GeV, Λ can be pushed above the GUT scale. ∆m can be as low as 800
GeV, albeit in parts of parameter space with a Landau pole at ∼ 10 10 GeV.
In the last point (4) above, we included one more parameter in our analysis, namely, the number n 5 of multiplets in the 5 +5 representation of SU (5) running of the gauge couplings, making them stronger in the ultraviolet. And since the gauge couplings contribute negatively to the renormalization of the Yukawas, a larger ultraviolet gauge coupling slows the growth of the y ij 's, pushing up the Landau pole. However, as
we will see, to preserve perturbative gauge coupling unification we cannot add an arbitrary number of n 5 in addition to the vector-like 10+10 of SU(5) necessary in our model. To verify perturbativity we used the one-loop beta functions presented in appendix D and required g unif 3. From Figure 5 , we see that the gauge couplings become non-perturbative around 10 13 GeV for n 5 = 2 and 10 15 GeV for n 5 = 1. They remain perturbative all the way to the GUT scale for n 5 = 0. Therefore, the Landau pole can still be pushed above the GUT scale if one sacrifices perturbativity at the scale of unification.
IV. CONSTRAINTS
In this section, we work out the constraints from Higgs production, measurements of the relevant Cabibbo-Kobayashi-Maskawa matrix element V 
A. Higgs Production
The Higgs production rate at the LHC is dominated by the gluon fusion process and recent measurements can be used to put constraints on any model with new particles that get their mass through the Higgs. In the case where a chiral fourth generation is added to the SM, this leads to an increase of the Higgs production rate by gluon fusion by about a factor of nine over the SM rate, in contradiction with experiments. This is a result of the fact that the new quarks get all of their mass via coupling to the Higgs; no decoupling limit exists to ameliorate the situation. However, in the case of a new generation of vector-like quarks the new quarks get their mass only partially through the Higgs, the remaining part coming from the vector-like mass parameter(s), here µ 4 . This opens the possibility that the new generation might contribute differently to Higgs production.
One can see the dependence of the relevant amplitude on the parameters of the model as follows. We take the large tanβ limit throughout this discussion, though the procedure can be generalized in an obvious way. Consider an effective vertex coupling two gluons and a Higgs, which can be thought of as arising from a term in an effective Lagrangian with the
where
, where
The amplitude associated with the effective ggh vertex is simply the unknown g * . This is the same amplitude as for the L ′ 1 "vertex," which can be interpreted as a correction to the gluon self-energy Π gg . In particular, it is that part of the self-energy that comes from the coupling of particles in the loop to the Higgs vacuum expectation value (we consider only the one-loop correction). Rather than directly computing the effective ggh coupling g * by summing all one-loop gg → h diagrams, we can use the ggv coupling to obtain g * from the well-known form of the gluon self-energy in a simple way. For this we need consider all the contributions to the one-loop gluon self-energy, identify all the terms that include a factor of v, and sum the coefficients of v from each term.
(Actually, what we need is just the sum, not individual coefficients.) Therefore to extract the information we want out of Π gg , all we have to do is take a partial derivative with respect to v. In equation form,
where Π gg is thought of as a function of v.
The form of corrections to vector boson propagators is well known. Since the coupling for a non-Abelian gauge theory is universal, all colored fermions in the loop contribute in the same way, i.e., the only difference between their contributions comes from the mass dependence. In particular, for a given quark running in the loop, one obtains a logarithmic dependence on its squared mass, m 2 i . This implies that
where c is some constant and the sum is over t, t 
Taking the partial derivative,
In the special caseȳ 44 = 0, we have det(m u f ) = v(y 33 µ 2 4 sin β), which (taking sinβ ≈ 1) is the same as in the SM aside from the factor of µ 2 4 , which cancels in the amplitude. Thus A gg→h ∝ 2/v, with no dependence on the y ij 's or the vector-like mass parameter µ 4 , and there is no change from the well-known approximate SM amplitude. We ignore contributions from the scalars, as these are suppressed. We note in passing that this expression has the right mass dimension for the g * mutiplying the dimension five operator in L 0 .
The addition of the vector-like fourth generation will affect both the weak charged currents (CC) and the weak neutral currents (NC) at tree level. In particular, the W ± gauge bosons now couple to both left-handed and right-handed particles. Furthermore, including mixing with the top sector will enrich the flavor structure of the model and induce flavor changing neutral currents (FCNCs) in the mass eigenstate basis. These FCNCs only involve third and fourth generation particles and are therefore fairly unconstrained. In appendix B
we derive the triple and quartic gauge boson interaction terms with the quarks and squarks, as well as the interaction terms between the Higgs h o and quarks.
The rotation from gauge to mass eigenstates leads to generalized CKM matrices between the third generation, fourth generation, and it's mirror generation (which can be viewed as a "fifth" generation), which we denote by K for the down-type quarks. This matrix, being rectangular, is not unitary but satisfies the following equation:
where we have used the unitarity of the mixing matrices
(see appendix C for the explicit form of these matrices).
The (K ud L ) 11 entry predicted by our model should lie within the margin of error of the measured value of V CKM tb (defined as the (3,3) entry of the (3 × 3) matrix corresponding to the SM CKM matrix V CKM ). As usual, we neglect the mixing between the first two generations and the higher generations. When unitary of the SM V CKM is not assumed,
was recently measured by CMS [59] to be |V CKM tb | = 1.14 ± 0.22. We therefore require 0.92 < (K ud L ) 11 < 1.36. After scanning over a large region of our relevant parameter space, we conclude that this restriction is always satisfied. Therefore, the constraints from the measured value of V CKM tb are negligible. This is in agreement with the statements in [46] .
C. Mass Bounds from LHC Direct Searches
LHC direct searches [50] [51] [52] [53] [54] [55] are the most obvious source of constraints on the masses of the new vector-like quarks. The branching ratios (BRs) of the new quarks depend on the relative size of the relevant Yukawa, W and Z couplings. Until fairly recently, many searches assumed 100 % BR through one channel, particularly the W b decay, and therefore had a large degree of model-dependence [56] . However, unlike these searches, ATLAS and CMS now can exclude vector-like quarks in a model independent way by considering general branching ratio scenarios in their data analysis [57] .
At the LHC, the t ′ (or b ′ ) can be either pair produced or singly produced. Typically, the pair produced initial state has a large cross section, however, as shown in [58] it is possible that single production of the heavy quark via the exchange of a t-channel W have a larger cross section than t ′ t ′ . This opens new decay chains such as t ′ bj → htbj → bbW bbj. In Table II and Table III The most recent search done by CMS is the first search to consider all the three final states, and puts the most stringent constraints to date on the existence of a heavy vector-like top quark. Assuming that the heavy vector-like top quark decays exclusively into bW , tZ, and tH, CMS has set lower limits for its mass between 687 and 782 GeV for all possible branching fractions into these three final states assuming strong production. Their results are summarized in Figure 6 (taken from [57] ).
For ATLAS, the high multiplicity of jets has recently been used in the search for vectorlike quarks, yielding the mass bound on the t ′ consistent with CMS [61] . Therefore, requiring 
D. Electroweak Precision Observables
We now study the total contribution of the new generation to the electroweak oblique parameters S and T . In appendix B, we work out the interaction terms between the new particles and the electroweak gauge bosons in the mass basis Lagrangian, as these are needed to derive the necessary Feynman rules to calculate the self energy loops in the definitions of S and T . The relevant interaction terms are of the form W f f , Zf f , Af f and for quarks, and Wff , Zff , Aff , W Wff , ZZff , AAff and ZAff for squarks. In appendix E we calculate the contributions to the oblique parameters from both fermions (T f , S f ) and scalars (T s , S s ). We note that in the full decoupling limit, µ 4 → ∞ and y ij → 0 we recover SM values.
To get the total contribution of the new sector, we define T new = T f + T s − T SM and there is tension with the EWPM fit (as can be seen in Figure 11 ) and therefore the maximum allowed value for y 34 in this case is ∼ 0.8.
To get a more general picture, we scanned over a wide range of the parameter space from the new sector consistent with the mass bounds from the LHC (see section IV C). We varied the relevant y ij 's, µ 4 , and ∆m but kept the A-terms fixed at 800 GeV. The results are presented in Figure 11 . We see that −0.1 S new 0, while T new can be positive or neg- ative. The positive contributions of T new can be large enough to be in tension with EWPD.
Nevertheless, from Figure 11 it is clear that with vector masses µ 4 900 GeV a large set of our parameter space of interest falls within the 95% and 68% confidence limits on the electroweak observables.
Furthermore, while taking µ U /µ Q = 1 is a natural simplification, in general this condition does not hold. Indeed, if the vector masses are taken to be equal at some high SUSY-breaking scale, then differences in the beta functions will result in unequal vector masses at the weak scale. We therefore probed the effect of varying this ratio while keeping the sum of the masses constant. The ratio is less constrained for smaller mixing Yukawas, with 2.3 µ U /µ Q 0.85 allowed by EWPM for y 34 = −y 43 = 0.1 and µ Q + µ U = 1800
GeV, while for large y 34 = −y 43 we find 1.2 µ U /µ Q 0.9. On the other hand, there are scenarios in which the effects from a non-unity ratio value counteract the effects from large mixing Yukawas. For example, with µ U /µ Q = 1.1 it was found that y 34 = −y 43 can be as large as 0.56 and still fall within the 95% confidence limits on EWPD, up from 0.43 for a ratio of one. Since EWPM give the most significant constraints on the y ij 's, we see by referring to Figure 1 that soft masses 800 GeV are then the minimum required for the y 34 = −y 43 case, rather than the ∼ 1000 GeV it requires when the ratio is one (the y ij 's needed to give the desired Higgs mass have negligible dependence on the value of the ratio). In Figure 12 we plot the S new , T new for ratios µ U /µ Q = 0.9, 1.0, 1.1, and Yukawa values y 34 = −y 43 ranging from 0.01 to 0.56 in steps of 0.05.
We conclude that in concert with the results of section III B, precision electroweak observables permit sufficiently large Yukawa mixing to obtain a Higgs mass ∼ 125 GeV with soft parameters below a TeV while yielding new quarks discoverable at the LHC.
V. CONCLUSIONS
In this paper we studied the effects of sizeable mixing Yukawa terms between the top sector and a vector-like quark generation. We computed the energy scale of the Landau pole induced by the top Yukawa for various scenarios. We also discussed the LHC phenomenology and the consequences of including top mixing effects on final state event topologies.
We found that sizeable mixing Yukawa couplings (y 34 and y 43 ) in the superpotential require an increase of the value of the top Yukawa coupling by at most ∼ 6% to produce the observed top mass. Since loop corrections to m h go as y Within each scenario µ 4 = 900 GeV, A = 600 GeV, and we vary ∆m from 300 to 1500 GeV. Each of these points satisfies current mass bounds (see section IV C) and gives a Higgs mass m h = 125.5 ± .5 GeV while yielding new quarks discoverable at the LHC. The points corresponding to very low ∆m and larger Yukawas lie farthest from the best fit, with the agreement improving as ∆m grows and the Yukawas decrease. For many of these points the net effect from the new sector falls within the 95% or 68% confidence limits on the electroweak observables. The experimental best fit corresponds to the center of the ellipses, at (0.00, 0.02) [65] . The light (dark) grey ellipse denote the 95% (65%) CL on the EW observables. The origin is defined to be the Standard Model prediction with a 125 GeV Higgs. In concert with the results of section III B, precision electroweak observables permit sufficiently large Yukawa mixing to obtain a Higgs mass ∼ 125 GeV with soft terms below a TeV.
lowest soft masses (∆m ∼ 750 GeV) can be accommodated for this case. However, under the restriction µ U /µ Q = 1, then the lowest possible value of ∆m consistent with EWPM is ∆m ∼ 800 GeV, which occurs when y 34 ∼ 0.8 and y 43 = y 44 = 0 (see Figure 1) .
Moreover, mixing can significantly raise the Higgs mass while retaining perturbativity to much higher scales than possible with only the self coupling y 44 of the fourth generation (see Figure 2) . For A-terms and soft masses around 900 GeV, the top Yukawa Landau The points corresponding to very low ∆m and larger Yukawas lie farthest from the best fit, with the agreement improving as ∆m grows and the Yukawas decrease. For many of these points the net effect from the new sector falls within the 95% or 68% confidence limits on the electroweak observables. The experimental best fit corresponds to the center of the ellipses, at (0.00, 0.02) [65] . The light (dark) grey ellipse denote the 95% (65%) CL on the EW observables. The origin is defined to be the Standard Model prediction with a 125 GeV Higgs. In concert with the results of section III B, precision electroweak observables permit sufficiently large Yukawa mixing to obtain a Higgs mass ∼ 125 GeV with soft terms below a TeV.
pole can be pushed above the GUT scale. For µ Q = µ U , soft masses can be as low as 800
GeV and still generate a Higgs mass of 125 GeV, albeit in parts of parameter space with a Landau pole at ∼ 10 10 GeV. Smaller supersymmetry-breaking terms suffice if one sacrifices perturbativity at the unification scale by adding fields in a 5+5 (see Figure 5 ).
We studied the constraints from electroweak precision measurements, the measurements of V CKM tb , Higgs production, and the most recent mass bounds from direct searches for vectorlike quarks at the LHC. We found that the oblique corrections and LHC direct searches
give the dominant constraints. With vector masses µ 4 900 GeV and soft scalar masses ∆m 800 GeV, the net effect from the new sector falls within the 95% confidence limits on the electroweak observables.
We conclude that there is a large parameter space available for a supersymmetric model with a vector-like fourth generation that passes all tests from previous experimental analyses with sufficiently large Yukawa mixing to obtain a Higgs mass ∼ 125 GeV, while yielding new quarks discoverable at the LHC. These models have a soft SUSY breaking scale that remains moderate and can therefore address the little hierarchy problem.
Finally, we refer to the appendix for details about the particle spectrum, the derivation of the mass matrices in the model and the calculation of the oblique parameters. In addition,
we give the explicit form of all of the matrices needed to write the interaction Lagrangian.
These include generalized CKM matrices, couplings matrices and projection matrices. We also list the beta functions used in the study of Landau poles and perturbativity, as well as loop functions used in the calculation of the oblique parameters.
Appendix A: The Physical Spectrum and Mass Matrices
After the SU(2) L ×U(1) Y gauge symmetry is broken, Yukawa terms in the superpotential (equation 1), soft terms, F terms, and D terms lead to the following fermion mass matrices:
and the scalar squared mass matrices:
Here, v u = v sin β, with v ≈ 174 GeV, and m bot ≈ 4.2 GeV is the mass of the bottom quark. X u = A + µ cot β and
the third component of weak isospin, Q a is the electric charge, and θ w is the weak mixing angle. We take all parameters to be real. With the mass matrices defined as above, the relevant mass Lagrangian (after EWSB) in the gauge eigenstate basis can be written as:
where the basis is:
The physical masses of the fermions are obtained by bi-diagonalizing the fermion mass matrices using the singular value decomposition: 
where the (M 
spectrum is shown in Table IV for µ 4 = 900 GeV.
Appendix B: The Interaction Lagrangian
The rotation from gauge to mass eigenstates leads to generalized CKM matrices between the third and fourth generation, which we denote by K respectively, before rotating to the mass basis. We note that, in general, TABLE IV -A typical particle spectrum for the three different benchmark scenarios: 1) y 34 = −y 43 = 0.8 and y 44 = 0; 2) y 34 = 0.8 and y 43 , y 44 = 0; 3) y 44 = 0.8 and y 34 , y 43 = 0. The scenario y 43 = 0.8 and y 34 , y 44 = 0 gives the same masses as scenario 2) and we therefore omit it. We set A = ∆m = µ 4 = 900 GeV. As we can see, mixing doesn't change drastically the mass spectrum.
so we can construct all of the generalized CKM matrices from all the possible products of In Tables V and VI, that is not in the MSSM which couples R.H fields to the W boson. After rotating to the
TABLE VII -The coupling matrices at the triple vertex between quarks and gauge bosons. We define g
R TABLE VIII -The coupling matrices at the triple vertex between squarks and gauge bosons. We define g
mass eigenstate basis and including the couplings, we get
from which the coupling matrix G
Kūd R can be extracted. We
give the explicit form of the coupling matrices in Table VII, Table VIII and Table IX .
Proceeding similarly to the above example, the interaction Lagrangian for gauge bosons,
Coupling Matrix
Explicit Form
TABLE IX -The coupling matrices at the quartic vertex between squarks and gauge bosons. We define g
quarks and the Higgs in the mass eigenstate basis is:
, with y ab defined as in appendix C, are the matrices coupling the scalar Higgs to the quarks. Similarly, the interaction Lagrangian for gauge bosons and squarks in the mass eigenstate basis is:
. 
For completeness, we also include the matrices y ab ⊂ Y ab present in the interaction term coupling the Higgs scalar particle to all third and fourth generation quarks (see B2).
a. Quark Sector:
From the two matrices above, we can construct:
• Sūū L = Diag(0, 0, 1). Couples (
• S • Dūū R = Diag(0, 0, 1). Couples (
•
• Ddd R = Diag(0, 1). Couples ( From the two matrices above, we can construct:
•D ) u 3 , u 4 ∈f u .
•Sūū L = Diag(0, 0, 1, 0, 0, 0). Couples (T 3 = 0)ũ c 4 ∈f u † to (T 3 = 0)ū 4 ∈f u .
•S •Dūū R = Diag(0, 0, 0, 0, 0, 1). Couples (T 3 = •D •S •Ddd R = Diag(0, 0, 0, 1). Couples (T 3 = Here, t = ln Q where Q is the renormalization scale. The beta function coefficients for an arbitrary number of SU (5) 
Top Yukawa Coupling:
Using the general results in [49] , we obtain the following top Yukawa two-loop beta function: 
where theG's are the coupling matrices for scalars derived in appendix B and the function F (x, y) is given in appendix F.
Appendix F: Useful Functions
The expressions for θ ± (y i , y j ), ψ ± (y i , y j ) and χ ± (y i , y j ), used in appendix E are [48] : 
